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ABSTRACT
This thesis explores the topic of the development of alternate parts for the aerospace
industry, drawing on industry examples to demonstrate methods and approaches and the
benefits to firms engaged in these activities. I will explore reverse engineering techniques,
obstacles, and the role regulations play in the development of alternate parts. I will also
demonstrate that reverse engineering is no longer a back room secret activity, yet instead a
innovative engineering discipline that if matured and leveraged properly can provide valuable
benefits outside of alternate part development.
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1. Introduction
At time when commercial airlines are struggling to survive, alternate engine parts can
provide commercial engine operators with an attractive means to reduce operating costs and
remain competitive. This thesis examines commercial aerospace alternate engine parts and the
methods used to develop these parts.
In Chapter 2, I will provide an understanding of the traditional aircraft engine business
model and some of the issues Pratt & Whitney, a major OEM is facing. I will also discuss Pratt &
Whitney's decision to launch the GMS program and enter the market with an offering of
alternate parts for a competitor's engine. In Chapter 3, I will discuss the aircraft gas turbine
engine to provide a background on the different types of parts used within the engine. In
Chapter 4, will explore the regulatory provisions that allow a firm to develop and sell alternate
parts. In Chapter 5, I will discuss the alternate part market and how OEMs reacted to the GMS
program. Additionally I will discuss other barriers to entry a firm faces in launching an alternate
part program.
Chapter 6 will discuss reverse engineering techniques and the level of knowledge that is
required to develop alternate parts for the aerospace gas turbine engine. Aerospace industry
clock speed will also be discussed to understand its affect on the development of alternate
parts. Additionally approaches to evaluate the scale of reverse engineering activities required
to be able to manufacture alternate parts will be demonstrated. Finally the cultural affects of
an organization undertaking an alternate part development program will be evaluated.
In Chapter 7 the benefits of developing alternate parts will be evaluated to demonstrate
that there are many other benefits to a firm outside of the revenue streams created from the
sale of alternate parts. Methods to protect a firm's own products will also be demonstrated.
Chapter 8 will discuss expanded applications of reverse engineering technologies. The
similarities between a repaired OEM part and an aftermarket part will be demonstrated
through a common industry repair. Finally I will conclude the benefits of reverse engineering.
Chapter 2. Industry Business Model
The aerospace engine market is comprised of three major engine manufacturers,
General Electric (GE), Pratt & Whitney (Pratt), and Rolls Royce (Rolls). These three engine
Original Equipment Manufacturers (OEM) compete in two market segments, commercial and
military. In the commercial market, airplane manufacturers solicit engine designs from engine
manufacturers for new airplane designs, awarding winners the right to produce engines for the
specific airplane model. Typically there is more than one engine manufacturer offering per
airplane and it is up to airplane purchaser to select the engine which best meets their particular
performance needs.
In the defense market, defense agencies solicit engine designs for an airframe
independent of the airframe manufacturer. Defense awards are traditionally awarded as sole
source contracts and provide the engine OEM with contractual order demands. Defense
agencies traditionally fund the research and design efforts for an engine and retain ownership
of the designs for security reasons. The primary focus of this thesis will be the commercial
aircraft market, but many of the principles and methods discussed are also applicable to the
military market.
Once the initial engine is purchased, the engine operator relies on the engine OEM to
provide parts and services for maintenance and repair operations throughout the life of the
engine. These residual revenue streams are maintained throughout the service life of the
engine. Engine selection at the time of aircraft purchase is critical to the engine manufacturer;
therefore it is typical to sell engines at or below cost to entice buyers to purchase engines
initially, relying on residual revenue streams created through selling parts and services to
generate profits.
As an engine design matures and the installed base of engines increases, revenues from
spare parts sales increases for the OEM. Once the installed engine base is large enough to
justify the development costs of alternate parts, non OEM firms begin to enter the market
manufacturing and selling alternate parts.
As engine designs have become more complex and costly, the shift toward partnerships
or joint ventures has become more prevalent. While partnerships limit the financial returns
from new engine designs, they offer firms a means to share in the risk and costs of developing
new engines. This is illustrated by the GP 7000, the engine powering the Airbus A380. Due to
the aircraft's limited sales forecasts, Pratt & Whitney and General Electric partnered to form
the Engine Alliance (EA). EA provided these firms a way to share in the project risk and cost of
engine development while avoiding competing against each other in the limited A380 engine
market. Other industry partnerships include International Aero Engines (IAE) which is a
partnership comprised of Pratt & Whitney, Rolls Royce, MTU Aero, and Japanese Aero Engine
Corporation; and CFM which is a partnership between GE and SNECMA.
The civilian aerospace market is a highly regulated industry. All civilian aerospace gas
turbine engines operated in service in the United States must conform to the rules and
regulations of the Federal Aviation Administration (FAA). The FAA is the agency tasked with
oversight to ensure safe operation of the commercial aerospace industry. Similarly, outside of
the United States, each jurisdiction has established its own regulatory agencies, with
regulations similar to those of the FAA. While there have been some efforts to establish a
common set of regulations, each jurisdiction still varies.
Under FAA regulations, products operated in commercial service are certified as type
certificate products. Parts used within a type certificate product are certified for use in the type
certificate product. All parts replaced or repaired in a type certificate product must be
approved for use in the type certificate product that they are installed in.
2.1 Pratt & Whitney
Pratt & Whitney, a United Technologies company, is a well established in the aircraft
engine business with a history of producing dependable aircraft engines dating back more than
eighty years. A market leader in the design, manufacture and maintenance of aircraft gas
turbine engines, Pratt & Whitney is known for its ability to produce complex dependable
engines. Today Pratt & Whitney's installed engine base of more than 16,000 large commercial
engines powers over thirty percent of the world's commercial aircraft fleet. In the military
market, Pratt's installed engine base of nearly 11,000 military engines powers 27 air forces
around the world (Pratt&Whitney).
Although Pratt's installed commercial engine base is large, it's comprised primarily of
older legacy engines at the end of their lifecycles. With the new Geared Turbofan engine slated
to enter the market in 2013, industry projections suggest that it would be several years before
revenues from parts and services of these new engines are fully realized. A new program could
allow Pratt & Whitney to fill the transitory period between when legacy engines were phased
out and the Geared Turbofan parts and service revenues increased to levels previous held by
legacy engines.
Figure 1 shows the historical and projected future trend data for the world's jet engine
population. Looking at the installed engine base of Pratt & Whitney's largest engine
population, the JT8D, it is clear that Pratt & Whitney will have increasingly fewer engines in
service to generate revenues from parts and service.
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Figure 1. World jet engine population. Pratt & Whitney's large installed engine base of JT8 engines (purple) is decreasing
while the CFM56 installed engine base (blue) is growing. (Back Aviation Solutions, 2004)
2.2 Global Materials Solutions
In 2006 Pratt & Whitney surprised the aerospace industry with the announcement of a
new business venture, Global Materials Solutions (GMS). GMS would develop and sell a
portfolio of parts for the CFM56. The CFM56 is the design of CFM (GE and SNECMA) and the
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exclusive engine powering the extremely successful Boeing 737. For the first time in history,
one of the major engine OEMs was going to enter the market as an alternate parts supplier for
another OEM's engine. In another industry first, GMS would include in its portfolio of parts,
Life Limited Parts (LLPs) (Pratt&Whitney). LLPs make up the large rotating elements of a gas
turbine engine and are some of the most expensive parts in an engine. LLPs account for 25% of
engine materials by cost (Aerostrategy Management Consulting Group, 2007). Pratt & Whitney
appeared to be going after the crown jewels of engine parts business.
Pratt's decision to enter the market as an alternate parts supplier had several effects.
By entering the alternate part market, many believed that Pratt was now validating the use of
alternate parts. This directly contradicted the position that Pratt and the other OEM's held,
labeling alternate parts as inferior to OEM parts. Pratt's decision threatened to disturb the
existing OEM engine market dynamics. Pratt was altering the long standing status quo in which
LLPs were generally made only by OEMs and the door was now open for other OEMs to launch
similar campaigns, possibly targeting Pratt's engine designs. Although this scenario is unlikely,
Pratt's large mature engine base is an attractive target. This one new venture had the potential
to turn many existing engine programs from profitable to unprofitable. With expected return
on development costs of some new engine programs exceeding 20 years, the sale of alternate
LLPs could potentially push the expected payback time to a period beyond the expected
lifecycle of an engine program. This could prove to be devastating to engine OEMs that were in
the early years of a newly launched engine programs.
The reaction from CFM to the GMS program was strong. CFM realized the severity of
the situation and took immediate action. In 2010 the total CFM56 product line had an
enormous installed engine base of nearly 8500 engines in service with 1989 of those being -3
engines (CFM International). The target engine, the -3 was out of production and supplying
steady streams of revenues. Every part GMS sold equated to the loss of a high margin sale for
that part to CFM. On a full overhaul of a CFM56-3 engine, the cost for the 19 LLPs is
approximately $1.95 Million. With an assumed cost savings of 35%, GMS parts could save
aircraft operators $685,000 on an overhaul consisting of all 19 LLPs. Utilizing a rate of
consumption of approximately one set of LLPs is used per engine every eleven years, CFM stood
to lose $35.3 million in revenues per year assuming only 10% market penetration by GMS. This
equates to a loss of just over 18 full sets of LLPs to GMS per year.
Chapter 3. Aircraft Gas Turbine Engine
FAA regulations designate two classifications of gas turbine.engine parts, condition
based and time based. Condition based parts may remain in service as long as they meet OEM
service specifications. Condition based parts can be continuously repaired to meet service
specifications and returned to service. Time based parts are limited by flight cycles or
operating hours and must be removed from service once the life limit of the part is reached,
regardless of condition.
3.1 Gas Path Parts
Gas path parts such as blades, vanes, and air seals are condition based parts. Engine
performance is highly dependent on the condition of parts in the gas path; therefore engine
performance parameters are continually monitored to determine gas path part condition.
Failure of gas path parts is designed to be contained by the engine and have a low probability of
causing damage to the aircraft. The majority of part failures in the gas path result in fractures
and material loss caused by the extreme temperatures which parts operate in, especially in the
hot turbine section of an engine. Catastrophic gas path part failure such as a lost turbine blade
will also result in additional engine damage as the lost material carries through the engine
striking other parts in the gas path. Due to the extreme operating environment and the need to
maintain optimal engine performance, gas path parts are some of the most frequently replaced
parts of the engine. Alternate part firms frequently target these high consumption parts for
alternate part development.
3.2 Life Limited Parts
Life Limited Parts (LLPs) are time based parts and made up of the major rotating parts of
the engine. Due to the cyclical loading and high stress loads carried by LLPs, there is a pre
determined cycle life for each LLP that must not be exceeded. Failure of any one of these parts
would likely result in a hazardous engine effect. Failure of an LLP in service is also likely to
result in structural damage to the aircraft, with the potential of bringing the aircraft out of the
sky. Before the cycle limit of an LLP is reached, it must be removed from service and discarded
to ensure safe engine operation. A cycle is defined as the power cycle an engine goes through
in one take-off and landing of an aircraft.
Below, Figure 2 is a cross sectional illustration of a CFM56-3 engine depicting the
location of three of the nineteen LLPs in the engine. In Figure 3 is a photo of 3 GMS LLPs
corresponding to the locations in Figure 2.
Figure 2. CFM56-3 engine cross sectional view. #1 denotes the HP Compressor stage 1-2 Spool, #2 denotes the HP
Compressor stage 3 disk, and #3 denotes the HP Compressor Stage 4-9 Spool. (CFM)
0 0 0
Figure 3. CFM56-3 GMS Life-Limited alternate parts. #1 is a HP Compressor Stage 1-2 Spool, #2 is a HP Compressor Stage 3
disk, and #3 is a HP Compressor Stage 4-9 Spool. (Pratt & Whitney)
LLP service life is determined by the engine OEM through an FAA accepted Lifing system.
A Lifing system is a complex proprietary process accepted by the FAA and used to determine
the safe operational service life of a part. The Lifing system helps designers understand
thermal, mechanical, thermo-mechanical, creep, and other stresses endured by a part during its
operational life. Through a combination of tests and analytical calculations, the Lifing System
used by the OEM will determine the minimum number of flight cycles required to initiate a 1/32
inch long crack on a part. A part with a 1/32 inch crack has not yet catastrophically failed,
allowing maintenance inspection intervals to discover the crack so the part may be removed
from service. Utilizing Lifing System data, service Life is set to a level lower than that
.....................
determined by the Lifing System to produce a 1/32 inch crack to allow for added operational
safety.
While LLP failure is extremely rare, the following example demonstrates the role LLPs
play in the safe operation of an aircraft and the results of an LLP failure. On July 6, 1996 Delta
Airlines flight 1288 experienced an unexpected LLP failure during takeoff. The Pratt & Whitney
JT8d powered McDonnell-Douglas MD-88 was on a routinely scheduled flight when during
takeoff, the number 1 Front Compressor Front Hub failed leading to catastrophic uncontained
engine failure. Debris from the resulting engine failure tore a hole in the left rear section of the
fuselage killing two people and injuring two more. The ensuing investigation found that a
fatigue crack caused by a drilling operation performed by a non OEM vendor during a repair
operation had gone undetected. (NTSB, 1998)
Chapter 4. Aircraft Alternate Parts Regulatory Provisions
Traditionally engine OEMs relied on selling spare parts to generate revenue streams.
Following World War II, many of the firms that had manufactured the aircraft in use had gone
out of business or were not supplying parts anymore. Operators called on the FAA to develop
regulatory provisions for the manufacture and use of non OEM replacement parts for use in
type certificated products. The FAA developed two provisions for the manufacture and sale
non OEM parts for a type certificate product, a Parts Manufacturer Approval (PMA), or a
Supplemental Type Certificate (STC). Alternate parts are commonly known as PMA or STC parts
based on what method they were approved under.
4.1 Parts Manufacturer Approval
A Parts Manufacturer Approval (PMA) is a combined design and production approval for
replacement parts used in commercial service. A PMA allows for the manufacture and sale of
alternate parts for use in type certificate products. A PMA is granted by one of two methods
test and computation or identicality. To be issued a PMA under Test and Computation, an
applicant must demonstrate that the new part is identical through test and computation. To
be issued a PMA under Identicality, the applicant demonstrates that the new part is identical in
all aspects to the original type certificate part or by proving status as an OEM Licensee.
Identicality can be proven through identification as a licensee, or by demonstrating that
the part is identical in all aspects. This is nearly impossible to do on complex designs without
providing an OEM blueprint of the product. Test and computation is the more standard
approach where the applicant submits test and computational data to substantiate that the
newly developed product is the same in all aspects.
Common parts receiving a PMA are nuts, bolts, gaskets, hoses, tubes, and other simple
parts. In many instances OEMs were utilizing industry standard consumable items and marking
them up when sold as spare parts to engine operators. Over time, aftermarket firms targeted
more complex, higher margin items such as turbine blades and vanes. PMA products provide
their manufacturers with generous margins, while offering engine operators discounts of 30%
or more over OEM engine parts.
In an effort to increase revenues, PMA firms have sought to include LLP's to expand
their portfolios of alternate parts. Without knowing part Lifing, it is impossible for a PMA
applicant to demonstrate that an LLP is identical. Although the materials, dimensions and all
other aspects of the part may be identical, the applicant cannot prove that their part has
identical life without the use of the approved Lifing system under which the original part was
certified under. Due to the fact that an OEM will never disclose its proprietary Lifing system,
the part cannot be proven identical and therefore will never be granted a PMA. Utilizing an
approved Lifing system other than that used to certify the original type certificate part is also
not permitted. While the applicant part's Lifing may be demonstrated to be similar to the
target part, it cannot be proven identical without knowing the Lifing for the original type
certificate part.
4.2 Supplemental Type Certificate
Accord ing to the FAA, "A supplemental type certificate (STC) is a type certificate (TC) issued
when an applicant has received FAA approval to modify an aircraft from its original design."
With an STC, the design of the original type certificate design is modified. STC approval not
only certifies the design changes with respect to the original type certificate design, but also
approves the effects to the whole engine system as a result of those changes. STC certification
of gas turbine engine parts requires a high level of knowledge of the engine on a systems level
and therefore requires a higher degree of reverse engineering when compared to PMA
certification. Additionally, an STC part must meet all of the certification criteria the original
type certificate product did. (Federal Aviation Administration, 2008) This additional testing
adds to the complexity of gaining certification for an alternate part when compared to the PMA
process.
The PMA process is preferable when developing alternate parts, due to the fact that all
existing OEM service documentation is still valid and applicable to the PMA part. Parts
developed under the STC process not only require an expanded scope of reverse engineering
but also expanded validation data to demonstrate system effects, if any, resulting from the
changes in the new parts. The STC process may also require the development of new service
manuals and other service documentation due to the fact that STC parts are not identical to the
original part as they are with a PMA.
To better understand the difference between PMA and STC, the basic decision tree in
figure 2 demonstrates which certification FAA certification method should be utilized when
developing an alternate part.
PMA vs. STC Decision
No
Yes
-
Yes
N
PMA
Test and Comnp.
Figure 4. Decision tree for determining which method of certification is required to certify alternate parts.
Chapter 5. Alternate Part Market
As commercial airlines continue to struggle financially, increased emphasis has been
placed on finding ways to save on operating costs. In 2006 the aerospace industry spent $40.8
Billion on maintenance and repair of aircraft, with spending on engine materials alone
accounting for $8.6 Billion. (Aerostrategy Management Consulting Group, 2007) With engine
overhauls accounting over a third of total maintenance and repair spending, alternate parts
provide airline operators with a way to reduce this cost while still maintaining the same level of
service and safety. Although savings of 25-45% can be realized through purchasing alternate
engine parts, the market has been slow to adopt them. In 2009 it was estimated that alternate
parts penetration was only 2.9%. (Aerostrategy Management Consultants, 2009)
There are several reasons for the market not to adopt alternate engine parts. To start
with, alternate parts are not offered for every OEM part. Second, the largest owner of
commercial aircraft in the world is a lease company. Lease companies have been slow to adopt
aftermarket parts because alternate parts are not permitted by all regulatory jurisdictions. By
allowing an aftermarket part to be used in an aircraft engine, the aircraft may not be able to be
offered for lease in those jurisdictions where alternate parts are not allowed. Another reason
alternate parts have not been able to gain widespread acceptance is due to well executed
campaigns from the OEMs claiming that aftermarket parts are inferior and unsafe. Safety is the
highest priority for an airline and most airlines are hesitant to gamble on any area relating to
safety.
5.1 Market Reaction to GMS
Following the 2006 announcement of the GMS program by Pratt & Whitney, CFM
immediately denounced the GMS program and the idea of alternate LLPs through a series of
negative ad campaigns. The campaigns have continued through today and depict automobile
coat hangers replacing broken car antennas and pictures of Elvis impersonators. In addition to
negative ads, attractive long term service agreements have been offered to operators and the
TRUEngine campaign was launched.
The TRUEngine campaign further promotes the long held argument used by all engine
OEMs, implying that the use of aftermarket parts depreciated the value of the engine as an
asset. While the TRUEngine program merely brands an engine containing all OEM materials,
operators feared claims made by the campaign. According to CFM, "TRUEngine designation
helps appraisers, owners, operators, and purchasers understand an engine material contentfor
accurate valuation and also facilitates CFM's ability to provide optimal product support." (CFM)
CFM was threatening that it was unable to provide technical support for an engine where
aftermarket parts were installed, because all knowledge and expertise were based upon
utilizing OEM parts. Without support from the OEM, operators would be on their own to solve
complex technical issues.
Many in the industry questioned the legality of this threat due to the fact that the OEM
held a legal obligation to provide product support. PMA parts are certified by the FAA as
identical replacements and therefore are no different than OEM parts. On the other hand, STC
LLP's while nearly identical, are not exactly the same as OEM parts. CFM was effectively adding
to the scope of the GMS project by creating a situation where Pratt & Whitney had to also
provide product support for engines where GMS LLPs were installed.
Threats and negative ad campaigns from OEMs escalated to the point that in August
2008 the FAA issued a Special Airworthiness Information Bulletin defending PMA parts which
have been approved by the FAA. The bulletin stated "Recently, some engine manufacturers
responded to the FAA's approval of PMA and STCfor parts involving their type design engine
models by telling customers that support of their products could be limited if such parts are
installed, since they do not have data on these PMA and STC parts and the effect these parts
may have on the overall system." The bulletin went on to say "PMA and STC parts are
thoroughly evaluated for compliance with respect to any changes they introduce and their effect
on the original type design." (Federal Aviation Administration, 2008) The FAA was making it
publically clear that it did not appreciate engine OEMs openly advertising that FAA approved
parts were of questionable quality and compromised safety.
Long term service agreements have been the most effective measure taken by CFM and
other OEMs to combat the use of alternate parts. Long term service agreements with the OEM
provide not only for the ability to control which parts are installed in the engine, but also the
exclusive right to perform maintenance operations on an engine. Through controlling the
engine service facility, an OEM can control what goes into the engine during repair and
overhaul. Keeping DER repaired and alternate parts from being installed into the engine, allows
for the OEM to sell more OEM parts. Another benefit provided from performing engine
maintenance operations is the ability to limit alternate part development firm access to OEM
parts. Alternate part development firms frequently rely on non-OEM service facilities to
provide parts for reverse engineering activities. The OEM can limit the number of new OEM
parts outside its control through controlling the service facilities that use these parts.
5.2 Obstacles to Alternate Part Development
Although the FAA allows for the development of alternate parts, there may be other
challenges to overcome in developing alternate aerospace engine parts. The United States as
well as many other nations allows inventors to control the use of their inventions through
patents, which are protected by law. To receive a patent, specific details are publically
disclosed about the invention in return for exclusive rights to that invention. Patented
materials are protected by law and unauthorized use of patented inventions is subject to legal
actions by the patent holder. Under current US law, patents filed after June 1995 protect
claimed inventions for a period of 20 years from the date of filing. Once a patent expires,
details about the invention disclosed within the patent can be freely used.
Some information may not be patented due to the disclosure provisions mandated by
the patent process. Proprietary information that is kept secret and not patented is known as a
Trade Secret. The advantage of a Trade Secret is that it has no expiration date and information
is not disclosed. A trade secret is maintained proprietary until the information is discovered
through reverse engineering or other ethical means. Trade Secret information acquired as a
licensee or through a general terms agreement cannot be used for reverse engineering
purposes.
In many cases the data needed to reverse engineer a product is readily available but
cannot be used because it has been obtained pursuant to a license agreement. Under a license
agreement information is provided about an item, to be used for specific purposes such as
operation, maintenance, or repair. Information received through a general terms agreement
cannot be used for reverse engineering or any other purposes unless specifically stated in the
agreement under which the information was provided.
An example of a general terms agreement can be found by examining the maintenance
manual for an engine. Frequently OEMs provide maintenance and overhaul services for
competitor engines. The service manuals are given to the service facility for the express
purpose of overhauling engines utilizing OEM parts. Within the manual may be specific
tolerance data and other blue print information that is used in the maintenance and repair of
the engine. The information contained within the manual is provided under a general terms
agreement and cannot be used to establish data for reverse engineering activities or for any
other purpose other than the overhaul of engines. While many firms ignore general terms
agreements, ethical values should be used to ensure that proprietary information is not used
for any other means than previously agreed to.
Chapter 6. Reverse Engineering
The question arises, how does one make an alternate part? An engine OEM will
never hand over the blue prints on how to make a part. Although established industry practices
can provide general clues about a part, specific detailed information is required to reproduce
parts. Through a process called reverse engineering, sample OEM parts are used to obtain the
data needed to reproduce that part. Reverse engineering is the method by which information
about a product is discovered. Reverse engineering processes seek to determine part
materials, geometric dimensions, and the original design intent of a part. For parts that are
incorporated in complex systems like a gas turbine engine, it may be necessary to reverse
engineer the supporting parts and systems to better understand the target part.
Part characteristics greatly contribute to the performance of a part and need to be
understood for several reasons. Material properties and geometric variability, not only are
important to part performance, but also provide insights into how a part was manufactured.
There are two types of testing to determine part characteristics, destructive and non-
destructive. Non-destructive testing is advantageous in that the part is not adversely affected
by the testing process. Destructive testing methods employ procedures that damage a part in
the course of the testing process, so parts must be acquired solely for testing purposes. Due to
the fact that part properties such as natural frequency and geometry will be altered during
destructive testing activities, non-destructive testing activities are conducted first.
Once the initial part is understood, it may also be desirable to understand allowable
variability of different aspects of a part. To determine the allowable variability, several
different samples of the OEM's part will have to be inspected to understand the extent of
variability that is allowed without affecting the performance of the part. In order to evaluate a
diverse lot of parts, a firm could opt to purchase the parts, but that would prove expensive,
especially if parts were only purchased solely for evaluation purposes. Many firms choose to
partner with Maintenance and Repair Organizations (MROs) not operated by the OEM to
minimize the cost of purchasing parts for evaluation. At the MRO facility, parts used in routine
service and repair operations are evaluated whenever possible minimizing the need to
purchase parts.
6.1 Geometric Reverse Engineering
Many non destructive inspection methods are employed to determine part geometric
data. Some key factors used in determining what method to use are: accuracy level required,
cost, and part complexity. For simple parts of minimal geometric complexity like a gasket,
simple tools such as a ruler, micrometer or caliper may be employed to determine dimensional
data. For parts of higher geometric complexity, laser scanners or other optical scanners
provide a means to quickly capture geometric data of relatively high accuracy.
6.1.1 Hand Tools
Before the advent of computers and digital design techniques, hand tools such as a
micrometer, Cadillac gauge, caliper, tape, pitch gauge, etc, were the only way to measure parts.
Still utilized today, these types of tools are simple and relatively low cost to acquire and have a
wide range of accuracy capabilities depending upon the tool used. The user of the tools reads
the measurement data from the tools, sometimes leading to variability in the output data
based upon the user. For more complex parts it can be difficult and time consuming to
measure parts utilizing hand tools, and therefore industry demanded faster methods capable of
higher accuracy.
6.1.2 Digital Scan Technologies
Modern design practices are dependent on Cad and digital modeling techniques. Digital
models allow designers to digitally design and evaluate parts to determine whether parts meet
design specifications. Through utilizing digital design practices, designers can design, test and
refine the design of a new part without ever actually making a physical part. More commonly
known as finite element analysis, this digital analysis reduces engine design cost and time. In
addition to being utilized by designers, solid models are also used in manufacturing operations
to control Computed Numerical Controlled (CNC) machining operations and to automate
inspection equipment such as Coordinate Measuring Machines (CMM).
Modern design practices require dimensional data in a digital format. Digital scanners
utilized for reverse engineering have been developed to support this requirement. Two types
of 3-D scanning technologies have evolved; non-contact and contact scanners. Contact
scanners require contact with the part, while non-contact scanners are able to gather data
without contact with the part.
6.1.3 Surface Scanners
Surface scans provide their user with rapid digital dimensional data collection of an
object. Laser scanners, Atrophic Optical Scanners (ATOS), structured light, and photogrammetry
are some of the current surface scanning technology in use today. Output data from surface
scanner devices is digital and typically in the form of what is known as a point cloud.
Point cloud data is exactly as its name states, a digital representation of the part made
up of millions of points representing the geometry of the scanned area of the object. Figure 5
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below illustrates a point cloud representation of a sample part. Point cloud data can be used to
determine dimensional data for the scanned part, but the large file size can be difficult to
handle and requires a computer with a high computing capability. The view area of surface
scanners can also be limited. The output point cloud from a single scan is made up of a fixed
number of points, so as the scan area increases the point cloud density per unit area of the part
goes down. Through attaching reference targets to the part and performing multiple smaller,
high resolution scans which incorporate reference targets, several scans can be joined together
in the scanner software utilizing the reference targets to align the scans. This is especially
useful for large objects or parts that require high accuracy but are larger than the view area
that will yield the required accuracy.
Figure 5. Point cloud representation of a sample part (Clark, 2000).
Although dimensional measurement data can be extracted from the point cloud, most
Cad software is not able to process point cloud data. Special software packages are employed
to convert point cloud data to NURB surfaces or triangulated polygonal mesh formats.
Polygonal Mesh and NURB surface formats can be read by most CAD packages, but lack the
feature distinction of a solid model.
Another limiting factor to surface scan technology is ability to gather complete data.
Surface scan only capture line of sight areas and can create what are referred to as "holes" or
areas which are not captured and represented in the point cloud. Holes can result from
inaccessible or limited access areas of a part or noise in the data creating areas that were not
able to be captured by the scanner. Inaccessible areas will require secondary scans or another
suitable means of inspection. Software packages can be used to fill "holes" through manual
manipulation, automatic means, or through grafting in other point cloud data over the hole.
Care must be taken to ensure software has correctly interpreted and filled "holes" with
secondary measurement typically employed to verify this.
Surface finish of a part can also limit the effectiveness of surface scan technologies.
Shiny or metallic parts with a polished surface finish sometimes require coating with a non
reflective material such a talcum powder to reduce reflectivity. While every effort is made to
use anti-reflective coatings of minimal thickness, the coating will add some thickness to the part
geometry. The use of anti-reflective coatings also can lead to inaccurate part measurements
due to the method of coating application. While every attempt is made to apply the coating
evenly, the possibility of non-uniform coating thickness exists and can lead to inaccurate
measurements.
6.1.4 Coordinate Measuring Machines
The measurement of aerospace parts requires extremely high accuracy. While hand
tools and surface scanners can be employed, aerospace industry practices have looked to the
higher accuracy data offered by CMM technology to gather dimensional data. When reverse
engineering activities commence, CMM technology is employed to determine dimensional data
so that solid models can be created to support design and certification activities. Normal
operating procedures for CMM technology require the use of automated programs based on a
solid model of the part to drive the CMM machine in an automated mode. Without a solid
model of the part, the CMM has to be operated in manual mode, requiring the operator to
manually maneuver the probe over the part utilizing a joystick. This manual process is
extremely time consuming and requires a large amount of on machine time and highly skilled
operator. Once the first part is inspected, a solid model can be created so that subsequent
parts can be measured through automated CMM operation. The ability to expedite first part
inspection would provide for a multitude of benefits.
6.2 Challenges to Reverse Engineering Technology
A major challenge to achieving high accuracy measurement is the need for a solid model
of the part to drive the CMM. The question arises, how can one create a solid model to drive
the CMM if the CMM is being utilized to create the solid model? A process that can reduce on
machine inspection time and the need for a highly skilled operator is highly desirable for several
reasons. The skill level required for complex parts utilizing manual CMM control severely limits
the pool of eligible CMM operators. Once a qualified operator is found, this manual process is
extremely time consuming and ties up the CMM operator and CMM. Only one part can be
inspected at a time without purchasing another CMM and finding and hiring another qualified
CMM operator.
6.2.1 Improvement Solutions
Some efforts have been made to address the issue of utilizing CMM technologies for
first article inspection. For symmetrical parts, partial CMM trace scans are completed, then
body of revolutions around the scan are created in modeling software to create simple solid
models to automate the CMM. This method relies on part being symmetrical with many of the
features still having to be manually probed by the CMM. Non symmetrical parts will still have
to be measured in the traditional manner.
Utilizing rapid scan technologies to create an initial point cloud model could provide a
first step toward finding a solution. While the accuracy level is not that of CMM technology
and the output format is not a solid model, surface dimensional data is acquired. Software
packages are capable of converting the point cloud data to formats that can be recognized by
CMM programs. Through using software to convert the point cloud to a polygonal mesh, a
simple featureless solid model could be created. Utilizing feature recognition software, a CAD
programmer could utilize rapid scans to designate part features in the solid model. The solid
model could then be programmed to automate the CMM. While some areas may still require
manual CMM operation, a majority of most parts could be measured through an automated
means. Programming could be done off line at a low cost outsource, to reduce machine
measurement time and CMM operator time. CMM measurement would also not be dependent
on specific CMM operator locations, expanding the availability options.
In Figure 6, the left diagram demonstrates the existing process used by many firms.
Parts are measured with a laser scanner and manually on a CMM. The right diagram in Figure 6
demonstrates the proposed new process where parts are measured on the CMM by automated
means.
Initial Part Measurement
Manual Control
OW mrCMMMeasuremeni
PointCloudData
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Figure 6. Initial part measurement process is shown on the left, while the proposed improved process is shown in the figure
on the right.
The question arises, why not just secretly acquire a blueprint or use other information
that you may be able to gain access to and avoid all the costly and time consuming reverse
engineering? Some parties indeed choose to acquire part blue prints and other proprietary
information unethically. Technical manuals and other information about products are usually
given for maintenance and repair operations under a license agreement. Such agreement only
allows for the information to be used for the purposes that it was supplied for. Utilizing any
proprietary information covered by a licensee agreement for reverse engineering or the
development of alternate products is not only unethical, but may expose the licensee to legal
action. Similarly care should always be taken to ensure that all materials used for reverse
engineering activities were acquired through legal and ethical means.
There are some legal and ethical means to acquire proprietary information about a part.
During the reverse engineering process, a patent search should be conducted. A patent search
is used to determine whether there is any protected intellectual property related to the part. If
there are patents filed relevant to the part the patents may be expired, contain claims that
were too narrowly drafted, or prior art may exist that invalidates the patent. If a non
authorized user can realize the benefits of patented materials by making slight alterations to
the patented invention without violating the protections of the patent as written, then a patent
is considered to be too narrowly drafted. Regardless of whether or not a patent is still valid, the
information contained in the patent may be useful for reverse engineering purposes. Valuable
information can be gathered at little to no cost from a patent due to the fact that an applicant
must publically disclose all information pertaining to their invention in order to receive a
patent. A patent specification must describe how to make and use the invention such that one
skilled in the art must be enabled to make and use the invention. The disclosure of patented
information is required so that society may learn and progress from the invention. As part of
that progress, a firm can utilize existing patent information to provide insights into the
technologies used by competing firms in order to develop new technologies of its own. Once a
patent expires, any data disclosed within that patent may be freely used for any means
including the development of alternate parts.
6.3 Materials Reverse Engineering
Materials reverse engineering seeks to determine not only the materials that a part are
composed of, but also the processes which were used to manufacture a part. Several samples
of the same alloy of a metal can have varying properties depending on how the alloy is
processed. Understanding how a part has been processed is critical to developing alternate
parts which can meet the same performance standards as an OEM part. Due to the extremely
complex nature of determining material properties, external laboratories that specialize in this
field are frequently employed to determine material property characteristics.
Non-destructive tests are performed to evaluate characteristics such as natural
frequency, surface finish, surface hardness, and mass of a part. Evaluations of tool marks and
other visual surface finishes give clues to establish which processes were used to manufacture
the part. For example, a highly polished surface finish typically requires a higher cost to
produce than a rough finish. Why would the OEM intentionally spend more money for a higher
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level of finish? The surface finish of a part is an intentional design feature that contributes to
performance and must be understood and incorporated in alternate part designs.
Material composition is determined through destructive testing means. An OEM part
will be cut open with samples removed at different locations in order to understand how
materials vary throughout the part. Part samples are evaluated for material properties such as
grain structure, stress, strain, creep, ultimate strength, yield and material chemical
composition. The test results of each sample are compared with established industry standard
specification data to determine the specific material of a part and any processes that may have
been used to treat that material.
Surface coatings are also evaluated utilizing destructive testing. Coating thickness is
measured during part cut up, or by removing some of the surface coating in specific locations.
Samples of the coating are used to determine its material properties and chemical composition.
The test results of each of these samples are also compared with established industry standard
specification data to determine the specific material composition of the coatings and the
processes that may have been used to apply them.
Frequently materials, coatings, or process used in the manufacture of an OEM part are
patented. When this occurs, alternate part development firms must work around those
patents to develop materials, coatings, or manufacturing processes that will yield parts whose
properties still maintain the same properties as the OEM part. This task can be quite
challenging, but can generate materials, coatings, or manufacturing processes that are eligible
for their own patents. Generating new intellectual property of this nature can be very
beneficial. A firm can leverage the benefits of this new intellectual property to improve the
designs of other products it produces.
6.4 Tolerancing
Machining and other manufacturing processes used to manufacture parts are not
perfect processes and yield some variability. This type of variability is accounted for in the
design of a part and commonly known as tolerance. Tolerance is the allowable variance from a
designated nominal. Tolerance values are designated on a blue prints and other
documentation used to manufacture a part. To be able to design an alternate part, a firm must
understand the tolerances of an OEM part and how those tolerances affect the rest of the OEM
engine design. Tolerances also play a critical role in the manufacture of an alternate part
because there must be enough tolerance to account for variations in a firms own
manufacturing processes. If there is too little tolerance, manufacturing yields may be
diminished or even zero.
Measurement of a single part equates to a sample size of 1, which has a variation of
zero. By measuring multiple OEM parts, the sample size of parts is increased so that variability
between parts can start to be understood. As the sample size grows, so does the confidence
level that the data is representative of the sample of parts that have been produced by the
OEM. The sample data can be used to determine the distribution of OEM parts. Once the
distribution of OEM parts is accurately understood, assumptions about the OEMs
manufacturing capability can be made to calculate the maximum allowable OEM tolerance.
This data is validated by comparing it to industry standards.
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While a large sample size is desirable to establish larger tolerances, there is a cost to
acquire and measure each part. Even if the part acquisition cost can be reduced to zero, there
is still a cost to measure each part. Typically alternate part development firms seek to minimize
development costs and therefore seek to measure as few parts as possible while still acquiring
all the data needed to reproduce an OEM part. This raises an important issue that many
alternate part development firms struggle with; what is the least amount of parts needed to
give a representative sampling of the OEM parts and their variability?
FAA PMA regulations stipulate that alternate part dimensions must lie within those
which have been measured on a new OEM part. This means that even if a firm can use
statistics to demonstrate OEM tolerances for a part, parts of those values still have to be found
and measured on an OEM part. Actually having to measure every part greatly increases the
cost and complexity of developing alternate parts because more parts will have to be measured
to find the true OEM tolerance. While this FAA regulation does present a major obstacle,
statistics can still provide useful information to an alternate development firm. Understanding
the distribution of OEM parts provides a means to calculate the probability of finding a part
with a specific measurement.
An alternate part development firm already has an understanding of its own
manufacturing capabilities and can use this information to set a minimum tolerance level
required to profitably manufacture alternate parts. The firm can then calculate the probability
and corresponding number of parts that will need to be measured to find parts that will yield
this level of tolerance. By knowing the number of parts that are required to be measured,
measurement costs can be calculated to determine whether undertaking a project on this part
is economical. Using estimates of the OEM manufacturing capability, an alternate part firm can
determine the true OEM tolerance. If the true OEM tolerance is below the tolerance required
by the alternate firm's manufacturing processes, then the firm understands that the OEM has a
higher manufacturing capability. Manufacturing capabilities will need to be improved before
the firm can manufacture alternate parts for this OEM part.
So how can a firm begin to understand how many parts it needs to measure? Using a
know distribution for an existing part, a firm can start with a single part and evaluate changes in
the level and accuracy of information about the part distribution as more samples are added.
This information can help a firm understand what level of parts will be required to reproduce
an OEM part.
Figure 7. Tolerance example part with dimension D.
Let us now look at an example of a sample distribution of parts. Suppose we are an alternate
part firm trying to determine how many parts to measure in order to understand the sample
part. The part, as illustrated in figure 7, only has one feature, a diameter with dimension D.
This part is currently made by our firm and we already have data for a random population of
1000 parts. The population is normally distributed around a mean (p) of 1.0000 inches and has
a standard deviation (a) of .001 inches. Removing 100 parts at random we can examine the
effects on p and a for our sampling as we measure each part. We can then compare those
results to the known distribution p and a to determine how accurate our results are as each
part is measured. We can also evaluate what level of allowable tolerance is uncovered. By
repeating this exercise several times, the effects of the exercise can be more accurately
modeled.
The nominal dimension of a part will be determined by p. The nominal dimension for
our part is 1.000 inches. In figure 8 below is a plot of the number of parts measured versus p.
This graph demonstrates how p changes as we measure each part for four different trials. We
can see from the graph that p becomes apparent very quickly. By part 10 three of the four
trials have come very close to the established a value for p with only series 3 being slightly off.
By part 15 there is very little change in p for each additional part measured. While p is
important to establish the nominal, we are measuring more parts to understand how much
variation there is around the nominal. Any shift in p can be accounted for by adjusting the
nominal dimension in the blueprint. With modern Cad designs this can be set up to be done
automatically.
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Figure 8. Graph depicting number of parts measured versus sample mean.
Figure 9 below depicts a plot of the number of parts measured versus aY. This graph
demonstrates how ar changes as we measure each part for our four different trials. We can see
how ay varies as we measure each part. For our known distribution we are trying to achieve a
value for ay of .001. Evaluating the graph we can see that a varies wildly until the number of
parts measured reaches 20. At 20 measured parts a is at least 75% of its final value and is
starting to settle out. By 80 measured parts ay is at least 90% of its final value with very little
fluctuation per additional part measured. We can now see that 20 measured parts starts to
give us a good idea of what a will be. Measuring another 60 parts only gives us a minor
improvement in accuracy and requires three times more parts to be measured. Let us now look
at how this variation compares to actual tolerance measured on parts.
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Figure 9. Graph depicting number of parts versus sample standard deviation.
Figure 10 represents number of parts measured versus actual measured tolerance; this
is one of the most important factors to an alternate part development firm in developing PMA
parts. The maximum OEM design tolerance for our part is .006 inches. Examining the graph we
see that after 100 measurements we never measured a set of parts that would yield a tolerance
of that size. We were only able to find parts that would allow us to a tolerance of +/- .0026
inches. For the distribution we are examining there will only be 3.4 parts per million that will
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be outside of the tolerances. With odds that high it will be nearly impossible to ever find and
measure two of those parts. We would need two because one part would have to be on the
high side of the tolerance band and the other part would have to be on the low side of the
tolerance band to give us the largest tolerance possible.
Frequently alternate part firms do not need the maximum tolerance. If an alternate
part firm has an equivalent manufacturing process capability to the OEM, then a smaller
tolerance band can be acceptable. If the particular manufacturing process we use to
manufacture dimension D requires a +/- .002 tolerance to generate parts at an acceptable yield,
then we can uses the graph in figure 10 to determine the number of parts that we will need to
measure. For this situation all four trials have found parts of a +/- .002 tolerance by the time
32 parts were measured. In three trials we have measured this tolerance by part 25.
Utilizing a different situation let us assume we have a process that requires a +/- .0025
tolerance to generate parts at an acceptable yield. We can again use the graph in figure 10
again to determine how many parts need to be measured to give us the required tolerance.
We can see that only two of the trials generated a tolerance of at least +/- .0025 after
measuring 100 parts. Utilizing the graph, we know that it is very likely that we will need to
measure more than 100 parts to find a tolerance of +/-.0025. The sample part we are using is a
low volume, high cost product. In other words measuring a lot of these parts may not be an
option due to the expense and availability of the part. We can still have enough measured
tolerance to manufacture parts, but our manufacturing process will yield fewer parts that fall
within the OEM measured tolerance. This is a common occurrence for many alternate part
development firms in any industry where tolerances are limited. What can we do? PMA parts
that are manufactured outside of the measured tolerance band will be held until an OEM part is
measured that expands the tolerance level to a point where the PMA part is within measured
OEM tolerances. At this point the PMA part will be within measured OEM tolerance and can be
sold. By utilizing this data we can begin to understand how many parts will need to be
measured to generate measurements for the required tolerance band. Now let us take a look
at how to determine what the real OEM tolerance limits are.
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Figure 10. Graph depicting number of measured parts versus sample measured tolerance.
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In modern manufacturing there are many ways to measure manufacturing capabilities.
One such way that many manufacturers use is by looking at what is known as Cpk. Cpk is a
process capability index that measures process variation to a specification like design tolerance.
Most manufacturing firms operate at a Cpk of over 2.0. The formula to calculate Cpk is as
follows:
Cpk = or Cpk = 
p1-LCL
Where UCL is the upper control limit = upper tolerance limit, LCL is the lower control limit =
lower tolerance limit, p is the process mean and a is the process standard deviation. We can
generate (p, a) for the OEM process by measuring parts and we can make assumptions about
the Cpk for the OEM. Utilizing this data we can back out the UCL and LCL to give us the
tolerance limits set by the OEM. Going back to our example we can calculate what the
tolerance for various Cpkvalues. Below in figure 11 is a chart of those values.
Cpk 1.80 1.85 1.90 1.95 2.00 2.05 2.10 2.15 2.20 2.25 2.30 2.35 2.40 2.45 2.50
Tolerance 0.0054 0.0056 0.0057 0.0059 0.0060 0.0062 0.0064 0.0065 0.0067 0.0068 0.0070 0.0071 0.0073 0.0074 0.0076
UCL 1.006 1.006 1.006 1.006 1.006 1.006 1.006 1.007 1.007 1.007 1.007 1.007 1.007 1.008 1.008
LCL 0.995 0.995 0.994 0.994 0.994 0.994 0.994 0.994 0.993 0.993 0.993 0.993 0.993 0.993 0.993
Figure 11. chart representing ck values for example part.
We can see that for our distribution if we assume the OEM has a Cpk=2.0 then the OEM
tolerance is +/- .0060 inches.
By performing simulations such as the one we have just gone through, alternate
development firms can start to understand the number of parts that will be required to obtain
specific tolerances for a particular part or feature. This data can then be used to determine if
there is an economic benefit to manufacturing an alternate part.
6.5 Reveise engineeiring and Clock speed
While reverse engineering techniques have been used for centuries, some industries
tend to benefit more than others. Industries with slow clock speeds will tend to benefit more
than those with faster clock speeds. The reason for this lies in the time period which patent law
provides protection. In industries where the clock speed is greater than or equal to the time of
protection provided for a patent, there will be more incentive to reverse engineer and develop
alternate products. The reason for this is because there are few intellectual property barriers
preventing the direct copy of a product once the patents covering the product have expired.
The clock speed of the aerospace industry is measured in decades with time between
new designs taking up to 30 years (Fine, 1998). Engine design starts several years before
products enter into service and it takes several years to establish a sizable installed engine base.
By the time the installed engine base is large enough to economically substantiate development
of alternate parts, patent protections are near the end of their lives and FAA PMA provisions
provide the regulatory means to certify copy exact parts. These factors lend the aerospace
engine business to be well suited for alternate part development activities.
6.6 Organizational Impacts
Pratt & Whitney is a major OEM who has undertaken an alternate part development
project through the GMS program and can be examined to help understand the organizational
affects of embarking on an alternate part development project. Pratt & Whitney has a strong
engineering focus due to the technical nature of the products the company designs and
manufactures. The GMS group, like the rest of the company, is also made up primarily of
engineers. Engineers tend to be data and logic oriented. The engineering based products are
very evident in the company culture. There are pictures on the walls in public spaces of
engines, engine parts, and planes. In employees personal work areas are model airplanes,
engine parts, and employees who have a language of their own, based on technical and
regulatory acronyms. Their display of artifacts such as engine parts, model planes and
aerospace pictures is related to their work and demonstrates a culture based in pride on the
engines they manufacture. For many years Pratt & Whitney was the industry leader. Today
competition has intensified, but there is still a great sense of pride among the employees in
being the best manufacturers of jet engines in the world.
After deciding not to enter an engine bid for the 737 program many years ago (Hinton,
2007), the GMS program is viewed as a way for Pratt & Whitney to recapture some of the lost
spare parts sales for the highly successful 737. By capturing some of the market on the
competition's high margin parts, Pratt & Whitney is still able to compete, even after not
pursuing the contract for the engine. A project that supports the GMS program is beneficial to
the culture and is viewed as helping Pratt & Whitney to compete. Some view the GMS program
as an untraditional way of competing in the market. There is a possibility that other companies
may now start manufacturing alternate parts for Pratt & Whitney products.
Reverse engineering was an emerging discipline within Pratt & Whitney and the benefits
of maturing the discipline are clearly illustrated through reviewing the GMS program. In the
initial stages of the program, the company view was "we already make jet engines, it will be
easy to make parts for a competitor's engine". This was not the case, development of alternate
parts brought with it a unique set of regulations and the new discipline of reverse engineering,
both of which were relatively new to Pratt & Whitney. While Pratt & Whitney was more than
capable of meeting the challenge of developing alternate parts for an engine with highly
mature manufacturing processes, it would take time to mature the discipline of reverse
engineering and create processes to incorporate the unique set of regulations need to certify
alternate parts. Launching the GMS PMA program may have been a blow to the ego of some
designers within Pratt & Whitney, but at the same time the engineering culture embraced the
challenge of designing the first ever STC LLPs. A new engineering discipline to create industry
leading processes to reverse engineer products aligned perfectly with Pratt & Whitney's
cultural values to innovate, improve and deliver game changing technology.
Chapter 7. Reverse Engineering Benefits
Reverse engineering activities provide many more benefits than simply providing a
means to generate revenues from the sale of aftermarket parts. During reverse engineering
activities, a firm has the opportunity to study competitor products to understand how
competing firms are approaching the design and manufacture of their products. Firms can use
information learned through reverse engineering activities to not only develop alternate
products, but also to help provide design improvements to their own products.
7.1. Benchmarking
Benchmarking is the process by which a firm can measure how it measures up to
competing firms and the industry as a whole. Benchmarking requires understanding other
firms' processes, quality, costs and other metrics. Reverse engineering provides a means to
understand competitor products, technology, manufacturing capability and processes to
understand best practices competing firms are utilizing. Value engineering can then be applied
to the firm's own products.
7.1.1 Technology
While Engine OEMs have openly and actively denounced alternate engine parts, reverse
engineering has been used in the gas turbine engine business by the OEMs to benchmark for
many years. Many example of benchmarking can be seen when taking a look at current engine
designs. Early gas turbine engines utilized a single common shaft for the compressor and
turbine sections. Pratt & Whitney developed the J-57 engine which incorporated a dual spool
engine design in 1948 and improved engine efficiency. In the 1950's Gerhard Neumann
developed the variable stator for GE, which debut in the J-79 engine and eliminated
compressor stall. Then, after 1965 both GE and Pratt & Whitney each offered a revolutionary
new engine design, the turbofan. The turbofan significantly reduces fuel consumption and
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noise. Rolls Royce later followed, offering its own version of the turbofan (Heppenheimer). It
is no coincidence that today all three major engine OEMs offer dual spool, turbofan type engine
designs with variable stators. These examples go to demonstrate that some level of reverse
engineering and benchmarking had to have occurred for all three major engine OEMs to utilize
the same technologies around the same time period.
7.1.2 Operational Strategy
FAA regulations require aerospace components to be labeled with a unique identifying
number known as a Commercial and Government Entity (CAGE) code for tracking purposes.
The CAGE code is a standardized system that provides a means to identify a specific supplier
and location where the part was made (Commercial and Government Entity). Through utilizing
CAGE codes, the operational strategy of a competing firm can begin to be understood.
By evaluating CAGE codes, a firm can determine the source, production date, and
location where competitor parts were manufactured. Developing an understanding which
parts are outsourced to suppliers and which parts are kept in house offers key insights into the
operational strategy of a competing firm. For instance, a competing firm may have decided to
manufacture specific parts in house because that firm believes those parts are a core
competency or critical to their operations. Evaluating competitor part CAGE codes provide a
means to start to understand this while also understanding how a competing firm has designed
its' supply chain and why.
7.1.3 Tolerances
Through reverse engineering and utilizing CAGE codes, machine capabilities of the
supplier that manufactured a part can be understood. Statistical models can be developed and
employed to determine the sample size of parts needed to reveal variability information of the
part and its features specific to a manufacturing location or supplier. Variability in part features
from across all manufacturing sites reveals tolerance information about part features. Part
feature tolerance information is required to develop alternate parts, but can also be useful in
evaluation of a firm's own engine designs. Understanding tolerances and part variability is also
important because a firm may be spending great attention and expense on minimizing
variability in an engine design while the competing firm may not.
Developing an understanding of how and why a competing firm can relax tolerances on
specific features in their engine design allows the investigating firm to use this information to
reevaluate its own engine designs to determine if there is potential to value engineer its own
engine designs. Value engineering is the process which identifies and removes unnecessary
costs and increases the value for a manufacturer and its customers (Value Engineering).
7.1.4 Machining Ca pabilities
Variability not only demonstrates part tolerance information, but also machining
capabilities. Cage codes may reveal that there are several suppliers or sites manufacturing the
same part. Through utilizing CAGE codes to distinguish the location and supplier of a part, the
variability in part features between manufacturing sites can be evaluated to determine the
machining capabilities of each site. Specifically, some suppliers of a part may be produce less
variability in part features than other suppliers. This information can be useful to a firm in
evaluating suppliers for their own outsourcing activities. Supplier production capabilities can
be determined without the supplier even knowing.
7.2 ProdLuct Protection
One of the most important insights gained from reverse engineering activities is the
understanding of how to protect one's own products from the development of alternate parts.
Through reverse engineering, a firm develops an understanding of design features which
increase the degree of difficulty for alternate part development. By adding a patented
functional feature to a product even though the feature may be unnecessary, a firm adds to the
degree of difficulty in developing an alternate part. This tactic is especially effective for
aerospace parts, because under PMA provisions, an alternate part has to be identical to the
original part. With a special patented feature on an OEM part, the part cannot be copied under
PMA until the patent is proven invalid, or the patent expires. While an additional patented
feature will not prevent the part from being copied forever, it will establish additional obstacles
to help to protect the monopoly held by the OEM on the part.
Many OEMs have offered what are known as service upgrades. Service upgrades are
OEM redesigned parts which offer increased performance over older engine designs. While a
service upgrade provides an operator with a means to improve performance of an existing
engine, it also provides the OEM with an opportunity to install freshly patented parts. The
service upgrade is usually offered at a competitive price relative to vintage design parts to
entice operator to purchase them and switch from vintage designed parts. The service upgrade
parts have new patented features, allowing the OEM to further prevent PMA.
Current trends in engine design are the use of what are known as bladed disks (Blisks) or
Integrated Blade and Rotors (IBR's). Both IBR and Blisk refer to an LLP rotor in which the blades
are integrated into the rotor. Traditional designs utilize removable blades due to blades being a
high consumption item. While offering advantageous design features, IBR's can also provide
OEM part protection. Due to the fact that the IBR is an LLP, any modification to the blades in
the form of repairs or replacement can only be performed by the OEM or per the OEM's repair
manual. The reason for this goes back to using the OEM lifing system to understanding the
effects on LLP lifing created by a repair. Only OEM approved repairs are understood, therefore
non OEM repairs will be limited to those specifically stated or approved by the OEM. By
limiting the level of repairs in the service manual, an OEM can effectively eliminate alternate
part materials such as compressor blades from the market because only an OEM will be able to
replace or repair worn or damaged blades on the IBR.
The risks of this strategy arise from providing engine operators a lower total cost of
ownership when compared against other engines. The OEM has to maintain attractive
maintenance costs to convince operators to buy their engines. If repairs to IBRs are too limited
and the OEM is demanding too high a premium for routine maintenance repairs, operators will
be forced to look for engines that provide better total value. If managed properly IBRs can
provide not only improved engine part design but also the means to limit PMA materials.
Chapter 8. Expanded Applications of Reverse Engineering
As technology improvements develop and as a firm matures its' reverse engineering
capabilities, the time and cost to reverse engineer products should decrease. With faster,
lower cost reverse engineering capabilities that can yield higher accuracy data, the barrier to
entry for other parts and projects may be reduced to the point where there is a business case
to justify expanding the portfolio of alternate products developed. Reverse engineering may
also be leveraged in other applications. One such application is in the repair of OEM parts.
8.1 Repair Applications
In the maintenance and repair of aviation gas turbine engines, there are many times
when an engine part is in need of repair, but there is no established repair set forth by the
OEM. The FAA has established provisions for the development of repairs to type certificate
parts independent of the OEM. These non OEM developed repairs are known throughout the
commercial aerospace industry as DER repairs. These repairs provide a means repair parts that
would otherwise have to be scrapped and can offer engine operators substantial savings.
A Designated Engineering Representative (DER) is a technically qualified individual of a
specific discipline who is appointed to approve or recommend approval of technical data on
behalf of the FAA. A DER is appointed to work either independently as a consultant or directly
for a company. DERs that review repair and alteration designs are required to secure the
additional designation of Major Repairs and Alterations within their specified discipline (
Federal Avaiation Administration, 2006).
An authorized DER reviews repair data to find compliance to the regulations set forth in
Federal Aviation Regulations (FAR) 33 such that the repair meets all of the requirements that
the OEM had to meet at the time of certification for the part. In other words the DER ensures
that a recommended repair will not comprise the safety of the part. For non life limited parts
DER repairs are widely used. Repairs to an LLP require that the repair meet the durability
requirements set forth in FAR33, therefore a DER must have access to the OEM lifing system to
substantiate that a repair does not affect part lifing. Because an OEM lifing system is highly
proprietary, only those DERs employed by the OEM will have access to the lifing system and be
able to meet this portion of the requirements.
To illustrate a DER repair, let us look at how a repair can be performed on a sample part.
Diagram 12 depicts a low pressure turbine stator. As pictured, the turbine stator is made up of
three separate details: the outer shroud, vanes, and the inner shroud. While there are three
separate details to the part, there is only one part number for the stator. Let us examine a
series of shop visits for this part to better understand how repairs may be performed.
OUTER SHROUD
VAN E
INNER SHROUD
Figure 12. Low pressure turbine stator. The turbine stator pictured has one part number but
is made up of three details: an outer shroud (red), vanes (blue), and inner shroud (grey).
In shop visit one, the vanes and inner shroud are condemned and removed from the
outer shroud. The repair facility fabricates a new set of vanes and a new inner shroud. These
new materials are then used to repair the stator. The stator is installed into an engine and
returned to service. At this point, the outer shroud is only detail of the part containing original
OEM materials.
During a subsequent shop visit, the stator is removed from the engine and the outer
shroud is condemned. The repair facility removes the outer shroud from the stator and
fabricates a new outer shroud. The new outer shroud is used to repair the stator. The stator is
installed back in the engine and returned to service once again. If we evaluate the stator at this
.............
point, all three details of the part have now been replaced. None of the original OEM materials
remain in the stator yet the stator still carries the original OEM serial number and is considered
to be an OEM repaired part.
While DER repairs can provide a means to repair parts that would otherwise need to be
scrapped, the latitude provided by DER repairs has raised some questions. Specifically, the
question of when does a repair stop being a repair and start becoming a new part? This is a
question that the FAA currently has no answer for, but is working to determine.
The question may be asked, how does a repair designer acquire the data to repair a part
to original specifications or its properly altered state? Reverse engineering is often utilized for
data that cannot be obtained from the OEM. Many of the same processes that are utilized to
develop alternate parts are also used to develop and substantiate DER repairs.
Conclusion
The development of alternate parts for use in the aerospace engines is a natural
industry progression especially at a time when commercial airline operators continue to
struggle financially and are looking for ways to reduce operating costs. Alternate parts provide
a means substantially reduce engine part costs while still providing the same quality and safety
to engine operators. For OEM engine manufacturers, the development of alternate parts can
provide not only a means to understand competing engine designs and technologies, but also a
way to leverage existing knowledge and resources to generate new revenue streams.
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